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1
LIGHT DIRECTING STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 14/639,083, filed 4 Mach 2015, which 1s a
continuation of U.S. patent application Ser. No. 13/662,311,
filed 26 Oct. 2012, now U.S. Pat. No. 9,004,726. This
application also claims priority from U.S. provisional appli-
cation Ser. No. 61/552,332 filed on Oct. 27, 2011, incorpo-
rated herein by reference in 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable

INCORPORATION-BY-REFERENCE OF
MAITERIAL SUBMITTED ON A COMPACT
DISC

Not Applicable

NOTICE OF MATERIAL SUBIECT TO
COPYRIGHT PROTECTION

A portion of the material 1n this patent document 1s subject
to copyright protection under the copyright laws of the
United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as 1t appears in the United States Patent and Trademark
Oflice publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright
owner does not hereby waive any of 1ts rights to have this

patent document maintained in secrecy, mncluding without
limitation 1ts rights pursuant to 37 C.F.R. § 1.14.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mnvention relates to light directing films and
light turning films used to redirect light. The present inven-
tion also relates to illumination and backlighting devices
employing light directing and light turning films, such as
wide-area lighting panels, LCD backlights, computer
screens, advertising displays, road signs, and the like.

2. Description of Background Art

Conventionally, light directing films employed 1n back-
lighting systems include a structured major surface with an
array of parallel prisms extending along a direction perpen-
dicular to the plane in which the film 1s designed to bend the
incident light. The prisms are usually arranged side by side
and form a plurality of peaks and grooves thus forming a
corrugated surface of the film. Applications exist where
surface corrugations are unwanted since they are prone to
soiling and also complicate surface cleaning. Furthermore,
in multi-layer transmissive structures, the corrugations cre-
ate air pockets between layers which may be unwanted 1n at
least some applications such as those where a monolithic
structure 1s desired. Furthermore, the distributed air pockets
represent a layer having a very low refractive index which
creates a strong total internal reflection interface. Such
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2

interface may prevent certain light rays to pass through the
transmissive structure without being retlected, particularly
in the applications involving light rays propagating at low
angles with respect to the layer surfaces.

It 1s therefore an object of this mvention to provide an
improved light directing film having one or more smooth
surfaces and eliminating the air spaces associated with
surface corrugations of the prior art devices. Other objects
and advantages of this invention will be apparent to those
skilled 1n the art from the following disclosure.

BRIEF SUMMARY OF THE INVENTION

Accordingly, the present invention 1s directed to light
directing and light turning films which may be employed to
redirect light at various angles with respect to the original
propagation direction. More particularly, at least some
embodiments of this invention are directed to right angle
light turning films and light collimating films.

The present invention solves a number of light redirection
and distribution problems within a film-thickness optical
system which 1s not hindered by the limitations of conven-
tional light directing films solely relying upon external
surface microstructures to provide light bending function.
An advantage of the present system 1s to provide light
redirection within the film body by employing one or more
corrugated internal boundaries formed by film layers having
different refractive indices. In at least some embodiments, it
enables employing a generally smooth light input surface of
the film and allows for laminating the light redirecting films
onto light distribution objects such as planar and cylindrical
optical waveguides.

In at least one embodiment, the invention features an
optical film structure having two layers with different refrac-
tive indices and a generally smooth light input surface. The
continuous boundary between the two layers 1s shaped 1n the
form of an array of linear corrugations extending along a
pre-selected reference line. Each corrugation has at least two
facets which form non-zero dihedral angles with a plane
which 1s parallel to the film surface. Light passes through at
least one facet and 1s redirected from its original propagation
path by means of refraction or total internal reflection (TIR).
The dihedral angles of the facets are selected to generally
result 1n light bending away from the light mput surface.

In at least one embodiment, the light redirecting facets of
the corrugated inter-layer boundary are configured to pro-
vide a two-stage redirection, the first stage by means of
refraction and the second stage by means of TIR. The net
result 1s an improved overall light bending capabilities of the
film for the common materials available for forming the
respective layers of the light directing film.

In at least one embodiment, the light directing film
comprises a multilayer structure where two or more two-
layer films are stacked on top of each other. Each of the
stacked two-layer films may have 1ts own corrugated bound-
ary between two different-index optically transmissive
maternials. The first film 1n the stack bends light by a certain
angle towards the surface normal. The next film in the stack
receives such light and provides additional bend angle. The
number of elementary two-layer films 1n the stack and the
configuration of the respective layers may be selected to
provide the required overall bend angle of the resulting light
directing film.

In at least some embodiments, the light output surface of
the light directing film 1s provided with surface relief
features. In one embodiment, the surface relief features
comprise light-diffusing texture. In another embodiment, the
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surface relief features comprise prismatic microstructures.
According to various aspects of the invention, the prismatic
microstructures may provide additional bending angles for
light redirected by the film and may further provide bright-
ness enhancement and/or light collimating functions.

In one embodiment, the light redirecting film 1s wrapped
around a portion of the longitudinal wall of a cylindrical
waveguide, such as a large-core optical fiber, rod light pipe
or the like. In one embodiment, the inter-layer linear corru-
gations of the light directing film follow a circular path. In

one embodiment, the linear corrugation follows a curvilinear
path across the surface of the film.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The 1invention will be more fully understood by reference
to the following drawings which are for illustrative purposes
only:

FIG. 1 1s a schematic perspective view of a light directing
film, according to at least one embodiment of the present
invention.

FIG. 2 1s a schematic cross-sectional view of a light
directing film portion, according to at least one embodiment
ol the present invention.

FIG. 3 1s a schematic view and ray tracing for light
directing film portion, showing a boundary between two
transmissive layers comprising 1sosceles prismatic facets,
according to at least one embodiment of the present inven-
tion.

FIG. 4 1s a schematic view and ray tracing for light
directing film portion configured for turming light entering
the film at near-grazing angles, according to at least one
embodiment of the present invention.

FI1G. 3 illustrates the operation of a light directing film of
FIG. 4 1n further detail.

FIG. 6 1s a schematic view and ray tracing for a light
directing film in a stacked configuration, according to at
least one embodiment of the present invention.

FIG. 7 1s a schematic view showing a light directing film
wrapped around a portion of a cylindrical waveguide,
according to at least one embodiment of the present inven-
tion.

FIG. 8 1s a schematic view of a portion of light directing
f1lm showing a light diffusing output surface, according to at
least one embodiment of the present invention.

FIG. 9 1s a schematic view of a portion of light directing
film showing a light output surface with prismatic micro-
structured pattern, according to at least one embodiment of
the present mnvention.

FIG. 10 1s a schematic top elevation view of a light
directing film showing a circular reference line, according to
at least one embodiment of the present invention.

FIG. 11 1s a schematic top elevation view of a light
directing film showing a curvilinear reference line, accord-
ing to at least one embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Referring more specifically to the drawings, for illustra-
tive purposes the present invention 1s embodied in the
apparatus generally shown 1n the preceding figures. It will be
appreciated that the apparatus may vary as to configuration
and as to details of the parts without departing from the basic
concepts as disclosed herein. Furthermore, elements repre-
sented 1n one embodiment as taught herein are applicable
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4

without limitation to other embodiments taught herein, and
in combination with those embodiments and what 1s known
in the art.

A wide range of applications exist for the present inven-
tion 1n relation to the collection of electromagnetic radiant
energy, such as light, in a broad spectrum or any suitable
spectral bands or domains. Therefore, for the sake of sim-
plicity of expression, without limiting generality of this
invention, the term “light” will be used herein although the
general terms “‘electromagnetic energy”, “electromagnetic

radiation”, “radiant energy” or exemplary terms like “visible

light”, “infrared light”, or “ultraviolet light” would also be
appropriate.

The present mvention seeks to provide light directing
films capable of changing the light propagation direction and
having a monolithic structure with at least one smooth
external surface.

According to the present invention, there 1s provided an
optically transmissive light directing film comprising at least
two layers of different materials having a joint boundary
enclosed between the two external parallel surfaces of the
film. The light directing film comprises at least a first layer
having a first refractive index and a second layer having a
second refractive index which 1s different from the refractive
index of the first layer. Both layers extend generally parallel
to each other and parallel to the opposing broad-area sur-
faces of the film. The materials for both layers are preferably
selected from solid polymeric optical materials having good
broadband optical clarity and transmission. When the light
directing film 1s designed to operate 1n a specific spectral
range, the materials should be transmissive at least in that
spectral range. It 1s also preferred that there 1s no opaque
material include between the first and second layers of the
light directing film.

The first layer and the second layer are disposed 1n contact
with each other along the entire width of the light directing
f1lm and jointly form an internal corrugated boundary having
a 7zi1g-zag shape 1n a cross-section. The boundary corruga-
tions, each having a triangular cross sectional shape, extend
parallel to each other and define a first array of optical
interface facets inclined at a first dihedral angle with respect
to the surface of the film and a second array of optical
interface facets inclined at a second dihedral angle with
respect to the surtace of the film. Any of the facets may have
a curved surface, but ordinarily each facet is planar.

The facets of the first array alternate with the facets of the
second array so that the boundary between the two layers has
a saw-tooth contour in a cross-section perpendicular to the
longitudinal axis of the corrugations. The cross-sectional
contour may be described by a continuous series of gener-
ally straight lines connecting alternating peaks and valleys
of the corrugations. The height and width of the corrugations
may be varied i a broad range, but ordinarily all of the
corrugations may have identical, uniform dimensions and
constant pitch across the extent of the light directing film.

The first dihedral angle may be the same as the second
dihedral angle, 1n which case the corrugated boundary will
be formed by adjacent pairs of identical facets where the
facets are disposed symmetrically, within each pair, with
respect to a plane perpendicular to the surface of the light
directing film.

However, the first and second dihedral angles may also be
made different from each other, taking any angular value
between 0° and 90°.

The respective layers of the light directing film may be
made from a suitable polymeric material including but not
limited to optical quality PMMA (acrylic), silicone, poly-
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carbonate, PET (polyethylene terephthalate), polystyrene,
polyolefin, polyesters, APET, PETG, or PVC, as well as any
optically clear resin which i1s obtainable by polymerization
and curing of various compositions. Suitable maternals for
the layer having a lower refractive index of the two may
advantageously be selected for low-n fluoropolymers or
resins, such as, for example, FEP, ETFE (both having a
refractive index of 1.3-1.33), PFTE AF 1600 and PFTE AF
2400, certain silicones and the like.

Each of the facets of the corrugated boundary forms an
optical interface characterized by a step change in the
refractive index. As a result, each of the facets will bend the
light striking the facet at any incidence angle other than 0°
or 90°. It will be appreciated by those skilled 1n the art that,
depending on the orientation of the facets with respect the
incident light and depending on whether the refractive index
increases or decreases along the light path, the facets may
primarily bend light by means of refraction or a total internal
reflection (TIR).

It will be further appreciate that, when referring to light or
other waves passing through a boundary formed between
two diflerent refractive media, such as air and glass, the ratio
of the sines of the angles of incidence and of refraction 1s a
constant that depends on the ratio of refractive indices of the
media (the Snell’s law of refraction). The following rela-
tionship can describe a light bending property of an interface
between two refractive media: n, sin ¢, ~n, sin ¢, where n,
and n, are the retractive indices of the material where the
light 1s incident from and of the material where the light
refract to, respectively, and ¢, and ¢, are the angle of
incidence and the angle of refraction, respectively. It will be
turther appreciated that such optical interface can also be
characterized by the angle of a Total Internal Reflection

(TIR) which 1s the value of ¢, for which ¢, equals 90°. ATIR
angle ¢, can be found from the following expression:

¢ 7p=arcsin(u p/# s 90°)=arcsin(z /7 )

In an exemplary case of the interface between acrylic with
the retlective mndex n, of about 1.49 and air with n, of about
1, ¢ 18 approximately equal to 42°.

A preferred method of forming the layers of the light
directing film mnvolves forming one of the layers first from
a film of the respective transmissive material. This first-
formed layer 1s preferably provided with surface corruga-
tions which accurately replicate the corrugations of the layer
boundary to be mcorporated internally into the light direct-
ing {ilm.

The surface corrugations of the first-formed layer may be
ordinarily formed using replication from a master mold or
cylinder carrying a negative replica of the intended surface
microstructures employing common processes such as hot
embossing, casting or extrusion. Masters for the replication
or casting tools used for manufacturing the light directing
films described herein, may be made by any known tech-
nique, such as diamond machining, for example.

The surface corrugations of the first-formed layer may
also be formed one at a time by various direct surface
modification processes including, for example, microma-
chining, scribing by a diamond tool, selective laser ablation,
ctching and the like methods. When high fidelity of the
corrugations 1s required and/or when they are formed by
extra fine microstructures, they may be also fabricated by
photolithography using gray scale photomasks and thick
photoresists.

The other layer may be deposited over the corrugations of
the first-formed layer in a liquid form with the subsequent
curing by means of irradiation UV or visible-spectrum
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radiation, heat, moisture, precursor evaporation, etc. Alter-
natively, the second-formed layer may be provided in the
form of a suthiciently thick, viscous resin evenly spread over
the first-formed layer placed on a leveled surface. The
fimshed light directing film may then be obtained by apply-
ing pressure on top of the second-formed layer so that the
viscous resin could conform to the shape of the corrugations
of the first-formed layer. The second-formed layer may also
be made 1n the form of a film which may then be heated to
a soltening point and impressed onto the first-formed layer
thus also conforming to the shape of the corrugations. In the
latter case, the material of the second-formed layer should
preferably have a lower softening point than the material of
first-formed layer.

The light directing films of the present invention utilize
the light bending capability of the corrugated interface
between the first layer and the second layer. The light
directing film may be configured so that at least some of the
facets forming the inter-layer corrugations redirect incident
light by means of refraction, TIR, or both. The surface
corrugations may be configured to include at least two types
of facets, each type making a diflerent dihedral angle with
the film surface than the other one. Both types of the facets
may be configured to direct light by means of either refrac-
tion or TIR. Also, one of the types of the facets may be
configured to refract light and the other one may be config-
ured to reflect light by means of TIR.

The light directing film finds particular utility in LCD
backlights, advertising backlights and front lights, signage,
panel lighting, beam steering, and the like. In some more
particular examples, the light directing film may be used as
a brightness enhancement film or as a light turning film 1n
the applications employing planar waveguides, such as
edge-lit lighting panels, signs or LCD screens.

According to preferred embodiments of the present inven-
tion, the light directing film 1s configured to have a generally
smooth, broad-areca light mmput surface opposing to the
broad-area light output (light emitting) surface. Since the
light directing film has a smooth light input surface, 1t may
be laminated onto another optical structure such as an
edge-lit planar waveguide or an end-lit large-core optical
fiber with a good physical and optical contact. The good
optical contact with no air gap substantially reduces the drop
in the refractive index outwardly from the underlying optical
structure and increases the effective TIR angle within the
structure. Accordingly, the lamination of the light input
surface onto the optical waveguide structure may provide for
a generally umimpeded light passage from such optical
structure into the light directing film 1n a broad range of
incidence angles. Thus, the light directing film over-lami-
nated to the optical waveguide structure may be configured
to efliciently extract light from such optical structure and
further provide the intended light redirection function.

The light output surface may also be made generally
smooth so that additional layers may be laminated on top of
the light directing film thus forming an intermediate light-
bending layer in the resulting monolithic, multi-layer optical
structure. The top layers disposed above the light directing
film may have various functions, such as protection from
scratching, abrasion, forming a chemical or radiation barrier,
and the like. Furthermore, two or more light directing films
can be stacked on top of each other forming a multi-layer
light turning structure, for example, to increase the bend
angle of otherwise alter or complement the light directing
operation of a single film layer. According to at least one
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embodiment, an external surface of the light directing film
may be optionally mirrored in order to provide a reflective
light bending film structure.

The present invention will now be described by way of
example with reference to the accompanying drawings.

FIG. 1 depicts a portion of light directing film 2 in
accordance with one embodiment of the invention. Film 2 1s
provided with smooth external surfaces exemplified by a
first broad-area surface 10 and an opposing second broad-
area surface 12 which extends parallel to surface 10. Film 2
comprises at least two optical layers disposed 1n contact with
cach other. The two optical layers include a first layer 4 of
a {irst transparent material and a second layer 6 of a second
transparent materal.

The materials of layer 4 and layer 6 have different
refractive indices and form a joint boundary 20 which
represents an optical interface characterized by a stepped
change of refractive index between the respective transmis-
sive materials. Boundary 20 has a structured, corrugated
shape which 1s defined by a plurality of prismatic corruga-
tions 8 extending parallel to each other. Corrugations 8 may
extend generally parallel to a pre-determined reference line
800 which may hereinafter also be referenced to as a
longitudinal axis of the respective corrugations. The orien-
tation of reference line 800 and, hence, the orientation of
corrugations 8, may be selected based on the intended
direction of propagation of light incident onto the light
directing film 2.

According to one embodiment, the orientation of refer-
ence line 800 may be made generally perpendicular to a
plane 1n which film 2 1s supposed to provide light redirec-
tion. When film 2 has a well defined rectangular shape, the
reference line 800 may be selected to extend parallel to one
of the planar dimensions of the respective rectangle.

FIG. 2 depicts a schematic cross-section of a portion of
light directing film 2 1n accordance with one embodiment. In
the case illustrated 1n FIG. 2, first layer 4 has a refractive
index n, which 1s lower than a refractive index n, of layer 6.
Each of the parallel surfaces 10 and 12 may be made smooth
and planar. However, the boundary 20 between layer 4 and
layer 6 represents a continuous corrugated surface formed
by an uninterrupted sequence of linear prismatic corruga-
tions 8.

Each of corrugations 8 has the shape of a trnangular prism
in a cross-section perpendicular to the longitudinal axis of
the corrugation. Each corrugation 8 defines a pair of facets
24 and 26 so that corrugated surface of boundary 20 com-
prises a plurality of facets 24 alternating with facets 26. Each
faced 24 forms a dihedral angle 62 with respect to a plane
which 1s parallel to surfaces 10 and 12. Each facet 26 1s
normal to either surface.

In operation, referring to FIG. 2, surface 12 may be
designated as the light mput surface and surface 10 may be
designated as a light output surface with respect to the
incident light. Referring further to FIG. 2, an incident ray
102 enters film 2 through surface 12 at a normal angle with
respect to the plane of the surface.

It will be appreciated that each of the surfaces 10 and 12
may be characterized by a surface normal 1n a vicinity of a
ray entrance onto the surface of film 2. It will also be
appreciated that, 1in case of the parallelism of surface 10 and
12, a normal to one of such surfaces will also be a normal
to the other surface. Additionally, at least the area of film 2
in the vicinity of light ray entrance may be characterized by
a prevailing plane which 1s parallel to both surface 10 and
12. Accordingly, a normal 50 to surface 12 will also be a
normal to surface 10 and to the prevailing plane along an
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optical path of a ray transversally crossing film 2. In the
optical terms, ray 102 entering into the surface of film 2 at
a normal angle will have a zero incidence angle with respect
to surface normal 50.

Ray 102 subsequently strikes the optical interface formed
by the boundary 20 between layer 6 and layer 4. Particularly,
ray 102 strikes one of facets 24. Since facet 24 1s inclined at
an angle with respect to light input surface 12, ray 102
undergoes refraction which increases the ray’s propagation
angle with respect to surface normal 50. At the same time,
the refraction of ray 102 decreases an angle 62 which ray
102 makes with respect to a reference line 42 being parallel
to surfaces 10 and 12. Upon leaving facet 24 and entering
layer 4, ray 102 makes a non-zero angle 34 with respect to
normal 50.

The air surrounding film 2 has a refractive index or around
1, which 1s lower than the refractive index of layer 4.
Theretfore, as ray 102 emerges from layer 4 at surface 10, 1t
obtains an even greater emergence angle 36 with respect to
surface normal 50 compared to angle 34. It will be appre-
ciated that in the configuration of film 2 and light path
geometry illustrated in FIG. 2, emergence angle 36 will
always be greater than the zero incidence angle of ray 102
onto surface 12. It will also be appreciated that film 2 of FIG.
1 and FIG. 2 can also eflectively bend light 1n a reversed
operation, e.g., when light enters film 2 through surface 10
instead of surface 12 and emerges from surtace 12. This
reversed operation can be understood, for example, by
reversing the path of ray 102 1n FIG. 2. It should also be
understood that the 1llustrated structure of film 2 may also
refract and bend rays entering 1ts surface at incidence angles
other than normal. Accordingly, film 2 may be configured to
redirect light rays incident onto 1ts surface 1n a broad range
of incidence angles and redirect such rays at different angles
thus providing new propagation directions to each ray.

FIG. 3 depicts an embodiment of light directing film 2
which 1s similar to that of FIG. 2 except that each of
corrugations 8 1s shaped as an isosceles triangular prism
where each of the facets 24 and 26 a makes the same
dihedral angle 62 with respect to the prevailing plane of film
2.

In operation, a ray 104 strikes external surface 12 of film
2 which 1s also a smooth external surtace of layer 6. Ray 104
makes an incidence angle 30 with respect to a surface
normal 40 and refracts into layer 6 at a refraction angle 32
with respect to the same normal. Ray 104 further strikes
facet 24 where 1t refracts into layer 4 in response to the slope
ol facet 24 and to the difference between refractive indices
n, and n,. As ray 104 strikes surface 10 of film 2, it makes
incidence angle 34. The light input surface 10 represents a
smooth external surface of layer 4 and 1s configured for an
ummpeded transversal light passage. Upon refracting at
surface 10, ray 104 emerges from the other side of film 2 at
emergence angle 36 which 1s generally different than angle
30. It will be appreciated that, when n,<n,, angle 36 will
generally be lower than angle 30. Thus, film 2 in the
exemplary configuration 1illustrated 1n FIG. 3 may be used
for reducing the angular spread of light which finds utility 1n
devices like brightness enhancement films.

It 1s noted that the configuration of film 2 depicted 1n FIG.
3 may also be operated in a reversed mode 1n which case the
film may be configured to increase the divergence of light
and may act as a light spreading or light diffusing film.

FIG. 4 1llustrates an embodiment of light directing film 2
employing a two-stage redirection which may generally
result in greater attainable bend angles. In FIG. 4, film 2 has
smooth parallel surfaces 10 and 12 and 1s formed by two
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layers disposed 1n contact with each other: layer 4 and layer
6. Each of the layers 4 and 6 may have smooth external
surface and a corrugated interface surface defined by cor-
rugated boundary 20 between the layers. Surface 12 1s
configured as the light mput surface and the opposing
surface 10 1s configured a s the light output surface.

The corrugations 8 forming boundary 20 between surface
10 and surface 12 have a linear triangular configuration and
extend parallel to reference line 800 (not shown 1n FIG. 4).
The corrugations of boundary 20 also define a plurality of
adjacent interface facets. Fach interface facet makes a
different dihedral angle from each of the adjacent interface
tacets so that the corrugated surface of boundary 20 com-
prises a plurality of facets 24 characterized by a first dihedral
angle alternating with facets 26 characterized by a second
dihedral angle with respect to the prevailing plane of film 2.
The refractive index n, of layer 4 1s lower than refractive
index n, of layer 6 so that there 1s provided a stepped drop
in refractive index along the propagation path of light within
the body of film 2.

Film 2 of FIG. 4 1s configured to accept light at near
grazing angles by its surface 12 internally redirect such light
at up to 90° and emit the redirected light from surface 10.
Particularly, film 2 may be configured to accept light striking
surface 12 at angles between 0° and 20° from the surface
(corresponding to 90° and 70° incidence angles with respect
to a surface normal, respectively) and communicate said
light a smaller angle with respect to the surface normal. An
angle 60 represents the oblique angle that an incident ray 116
makes with surface 12 1n layer 6 when 1t enters layer 6 of
f1lm 2. In the 1llustrated embodiment, angle 60 may take any
suitable angular values and, particularly, may include very
low, near-grazing angles.

Facets 24 are configured to have a smaller dihedral angle
with respect to the prevailing plane of film 2 than facets 26.
Furthermore, the dihedral angle of facets 24 is preferably
selected to be less than an angle which 1s complementary to
angle 60 1n order to provide refraction and ray bending away
from surface 12.

The dihedral angle of each of facets 26 should preferably
be greater than the maximum designed value of angle 60 that
light can make with surface 12 1n layer 4. At the same time,
the dihedral angle of facets 26 should preferably be selected
to enable mtercepting light refracted by a preceding adjacent
tacet 24 and further enable reflecting the intercepted light by
means ol TIR from facet 26.

In operation, referring to FIG. 4, light ray 116 enters layer
6 of film 2 at a low out-of-plane angle and makes angle 60
with surface 12 while propagating within the layer 6. Ray
116 further strikes facet 24 where 1t bends slightly towards
the light output surface 10 by means or refraction at the
interface between the lower refractive index of layer 6 and
the higher refractive index of layer 4, after which it strikes
the next adjacent facet 26. The slope of facet 26 defined by
the dihedral angle with the plane of film 2 1s selected to
result in TIR at the interface between the high-index layer 4
and low-index layer 6. As a matter of optics, facet 26
communicates an additional bend angle to ray 116, this
additional bend angle being twice the angle between ray 116
and facet 26. As a result, ray 116 exits from {ilm 2 nearly
perpendicularly to surface 10. It should be understood that
film 2 may also be configured to emit light from surface 10
at emergence angles other than normal to the surface.

Example

In FIG. 5, an example of light directing film 2 1s shown
as 1t 1s applied for extracting light from an optical waveguide
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and turning such light generally towards a perpendicular
direction with respect to the film surface.

Referring to FIG. 5, an edge-lit planar waveguide 202
made from PMMA (acrylic) with a refractive index of 1.49
1s configured to propagate light by means of TIR from 1ts
major surfaces. Film 2 including two transparent layers with
corrugated 1nter-layer boundary has a total thickness of 150
microns. The height of the triangular prisms forming the
boundary corrugations 8 1s about 50 to 70 microns. Layer 4

of film 2 1s made of optically clear polycarbonate having a
refractive index of 1.58. Layer 6 of {ilm 2 1s made of PFTE

AF 2400 (an amorphous fluoropolymer commercially avail-

able from Dupont™) having a refractive index of approxi-
mately 1.29. The dihedral angle 62 of each facet 24 1s 28

degrees and the dihedral angle 64 of each facet 26 1s 55.5

degrees.

The outer surface of layer 6 forming the light input
surface of film 2 1s generally smooth and transparent. It may
also be specially treated to enhance the lamination and/or
adhesion properties. Film 2 1s laminated onto a portion of
planar waveguide 202 so that layer 6 1s facing the waveguide
and surface 12 1s disposed 1n a good optical contact with the
waveguide. A thin layer of optical adhesive (not shown) may
be provided to promote the optical contact and adhesion of
film 2 to waveguide 202.

In operation, ray 126 imitially propagates in waveguide
202 at an out-of-plane angle of 31 degrees. Since the angle
of incidence of ray 126 with respect to surface normal 40 1s
complementary to the out-of-plane angle, the incidence
angle of the ray onto surface 12 1s 39 degrees (90°-
31°=59°).

The boundary between waveguide 202 and {film 2 repre-
sents an optical interface between PMMA (n=1.49) and
PFTE AF 2400 (n=1.29) and may thus be characterized by
a critical TIR angle of 60 degrees as defined by the Snell’s
law. Since the 59-degree angle of incidence of ray 126 onto
such boundary 1s slightly lower than the TIR angle of 60
degrees, TIR 1s suppressed and the ray may enter layer 6 of
film 2.

Upon entering layer 6, ray 126 makes a refraction angle
of about 81.9 degrees with normal 40, as defined by the
Snell’s law of refraction. This corresponds to slope angle 60
of ray 126 being about 8.1 degrees.

Ray 126 further strikes one of the facets 24 which 1s
inclined at angle 62 to reference line 42 being parallel to
surfaces 10 and 12. It can easily be found that ray 126 makes
an mcidence angle of 53.9 degrees with respect to a normal
44 to the facet surface and refracts at a refraction angle of
about 41.3° with respect to the same normal.

The refracted ray 126 further strikes the adjacent facet 26
which 1s inclined at an angle of 55.5 degrees with respect to
a reference line 48 being parallel to surfaces 10 and 12.
Accordingly, 1t can easily be found that ray 126 makes an
incidence angle of 55.2 degrees with respect to normal 46 to
facet 26. This incidence angle 1s greater than the 54.7° TIR
angle at the interface between polycarbonate (layer 4) and
PFTE AF 2400 (layer 6).

Therefore, ray 126 1s retlected from the respective facet
26 by means of TIR and 1s further directed towards surface
10. Since the angle or reflection 1s the same as the angle of
incidence, 1t can be shown that ray 126 striking facet 26 at
55.2-degree incidence angle will be redirected at approxi-
mately 0.3-degrees angle with respect to a normal to surface
10. Accordingly, as a near-zero incidence angle onto surface
10 1s obtained ray 126 may exit from film 2 nearly perpen-
dicular to that surface and to the prevailing plane of film 2.
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It will be appreciated that, mm the above-illustrated
example, ray 126 entered into film 2 at a relatively low
(about 8 degrees) out-of-plane angle and was turned by
approximately 82 degrees towards the normal to the pre-
vailing plane of the film. The corrugated boundary between
layers 6 and 4 light has provided most of the right-angle
turning function of light directing film 2.

Thus, as 1llustrated 1n the above example, light directing,
film 2 may be coupled to a waveguide for extracting and
collimating at least the portion of light which propagates at
near-TIR angles 1n the waveguide. Film 2 may thus provide
for a controlled leakage of light into layer 6 at near-grazing
angles and turn such light towards a perpendicular direction.

It 1s noted that the angular spread of light leaking from
waveguide 202 mto film 2 may be limited by appropnately
selecting the refractive indices of the waveguide and layer 6.
Accordingly, the light extracted and redirected by film 2
towards a surface normal may also have a limited divergence
resulting in the emission of a collimated beam from the
broad-area surface of the film.

FIG. 6 depicts an embodiment of light directing film 2
which comprises multiple layers of optically transparent
materials disposed in contact with each other and represents
two single-interface light directing films stacked on top of
cach other. The layers have alternating refractive indices and
multiple optical interfaces. At least two internal optical
interfaces within film 2 may have corrugated shapes. The
multi-layer stacked film 2 may be laminated on top of optical
waveguide 202 which may have, for example, a planar slab
configuration.

Referring to FIG. 6, light directing film 2 comprises two
opposing external surfaces 10 and 12 extending parallel to
cach other. Both of the surfaces may be generally smooth
and void of any microstructures. Surface 12 1s configured for
light input 1nto film 2 and surface 10 1s configured for light
output from the film. In other words, the broad-area surface
12 1s configured for recerving light and the opposing parallel

surface 10 1s configured for emitting light internally redi-
rected 1n film 2.

The bottom portion of light directing film 2 comprises
layer 4 and layer 6 having refractive indices n, and n,,
respectively. Boundary 20 between layers 4 and 6 comprises
a plurality of corrugations 8 represented by alternating facets
24 and 26. Each of the facets 24 and 26 makes a relatively
low dihedral angle with the prevailing plane of film 2.

Similarly, the top portion of light directing film 2 com-
prises layers 84 and 86 with refractive indices of n; and n,,
respectively. A boundary 80 between layers 84 and 86
comprises a plurality of corrugations 18 represented by
alternating facets 74 and 76. The dihedral angles of facets 74
and 76 with respect to the prevailing plane of film 2 are
generally greater than the dihedral slope angles of facets 24
and 26 of the lower film portion. A boundary 82 between the
top and bottom films may be generally and may also
comprise a thin adhesive layer (not shown) to promote
adhesion between the respective layers.

According to one embodiment n,<n, and ny<n,. Layers 6
and 86 may be made from the same material having lower
refractive index than refractive indices of layers 4 and 84.
Similarly, layers 4 and 84 may also have the same or similar
refractive index. It 1s also noted that all of layers may have
different refractive indices and may be made from different
materials, provided however, that there 1 an outward
stepped drop in material refractive index at each of the
boundaries 20 and 80 along the intended transversal propa-
gation path of light through film 2.
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An advantage of the multi-layer, multi-stage film may be
that 1t may employ high-n and low-n materials with smaller
differences between the refractive indices than, for example,
it was 1llustrated 1n FI1G. S, and still provide high bend angles
for grazing-angle light.

In operation, referring further to FIG. 6, ray 136 exits
from waveguide 202 and enters layer 6 of film 2 at oblique
refraction angle 60. Ray 135 further refracts from one of the
facets 24 and retlects by means of TIR from adjacent facet
26. While the bend angles at facets 24 and 26 may yet be
insuilicient to turn ray 136 at a right angle, each of the
interactions of such ray with the boundary facets neverthe-
less results mm a greater out-of-plane propagation angle
compared to the angle at which ray 136 enters the film.
Accordingly, the respective bottom portion of film 2 redi-
rects ray 136 and turns 1t approximately halfway towards the
surtace normal.

Ray 136 further crosses boundary 82 between the lower
and upper portions of film 2, with some refraction. Ray 136
turther refracts at facet 74 and 1s reflected by means of TIR
from adjacent facet 76. Accordingly, the corrugated bound-
ary 80 further bends ray 136 and directs it towards surface
10 at a normal angle. Since surface 10 1s generally smooth
and transparent ray 136 emerges from surface 10 at a
near-zero angle with respect to a surface normal.

Thus, the corrugated boundaries 20 and 80 of film 2 act
cooperatively to bend light entering surface 12 at oblique
angles. Facets 24 and 26 of boundary 20 represent a first
bend stage and facets 74 and 76 represent a second bend
stage for ray 136. The greater angles of facets 74 and 76
compared to facets 24 and 26 reflect the fact that ray 136
enters the second bend stage at a greater out-of-plane angle
compared to the first stage and requires a different geometry
of the corrugated inter-layer boundary to ensure that such
ray 1s intercepted by the respective pair of facets and
redirected by means of refraction and TIR.

It should be understood that film 2 1s not limited to be
used 1n a planar form and/or disposed on flat surfaces. Film
2 may also be made conforming to 1rregular surfaces and 1t
may also be wrapped around objects such as, for example,
cylindrical light pipes or large-core optical fibers.

FIG. 7 depicts light directing film 2 wrapped around a
portion of a cylindrical waveguide 204. Film 2 1s laminated
onto waveguide 204 so that the lower-index layer 6 faces the
waveguide by and the higher-index layer 4 faces away from
the waveguide. Optically smooth surface 12 should prefer-
ably have a good physical and optical contact with the
surface of waveguide 204. Surface 12 may be glued to the
waveguide using a thin layer of optical adhesive to promote
such contact and eliminate any air gaps.

Linear corrugations 8 representing a boundary between
different-refractive-index layers extend parallel to each
other and along an arc-shaped reference line 820. Reference
line 820 1s shaped 1n the form of an arc conforming to the
circular cross-section of cylindrical waveguide 204 and lies
in a plane which 1s generally perpendicular to the longitu-
dinal axis of the waveguide. In such a configuration, light
directing film 2 may be used, for example, for extracting
light from waveguide 204 and emit the extracted light in a
collimated form from surface 10. In at least one embodi-
ment, {1lm 2 may be configured to direct the extracted light
along a direction which 1s normal to the longitudinal axis of
the cylindrical waveguide 204.

In operation, ray 146 propagates in cylindrical wavegude
204 by means of TIR at an angle with respect to waveguide’s
surface normal which 1s slightly greater than the TIR angle
at the boundary of waveguide with the surrounding air. Since
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layer 6 has a refractive imndex greater than the air, TIR 1s
suppressed 1n waveguide 204 at least for the uttermost
out-of-plane rays propagating in the wavegude. In other
words, the TIR angle at the boundary between waveguide
204 and film 2 1s greater than the TIR angle at the interface
between the material of the waveguide and air.

According to one embodiment, the refractive mdex of
layer 6 may be substantially lower than that of waveguide
204 and result 1n ray 146 incidences into film 2 at a low
out-of-axis angle which may also include near-grazing
angles. Similarly to the principles described above 1n refer-
ence to FIG. 4 and FIG. 5, corrugated boundary 20 of film
2 may be configured to turn ray 146 towards a normal with
respect to the prevailing propagation direction of light in
waveguide 204 thus resulting in light emission from a
longitudinal side of waveguide 204 to which film 2 1s
attached. For example, similarly to the principles described
in reference to FIG. 5, the cross-sectional shape of corru-
gations 8 may be configured to redirect light rays by means
of refraction from one subset of boundary facets and further
redirect such rays by means of TIR from another subset of
boundary facets. Since film 2 may be configured to extract
light propagating within a relatively narrow range of out-
of-plane angles in waveguide 204, the degree of light
collimation may be precisely controlled.

FIG. 8 shows an embodiment of film 2 similar to that
depicted 1n FIG. 5 except that the light output surface 10 has
a light-diffusing surface texture. According to one embodi-
ment, the surface texture may have a random character.
However, 1t should be understood that any other types of
light-diffusing surface microstructures may also be used,
such as, for example, microprisms or microlenses. The
textured surface 10 may be configured to diffuse light
emerging from film 2, for example, 1n order to provide a soft
glow from the film surface and/or reduce intensity irregu-
larities 1in the emitted beam.

FIG. 9 illustrates a further varniation of the light output
surface 10 where such surface 1s textured with a pre-defined
prismatic microstructured pattern. The microprisms may
have a function of further redirecting light emerging from
surface 10. Particularly, such function may include reducing
the divergence of emitted light rays from a surface normal.
According to an aspect, the function of the microprisms of
surface 10 may be somewhat similar to the function of the
microprisms ol brightness enhancement film such as BEF
film commercially available from 3M Company.

The operation of the microstructured surface 10 1s further
illustrated 1n FIG. 9 by example of a light ray 152. Ray 152
propagating in optical waveguide 202 enters optically trans-
missive layer 6 having refractive index n, which 1s lower
than the refractive mndex of the waveguide. Upon entering,
into layer 6, ray 152 makes an angle 160 with respect to light
input surtace 12 of film 2. Ray 152 further undergo refrac-
tion at facet 24 of the corrugated boundary 20 and TIR at
adjacent facet 26 of the same boundary subsequently enter-
ing layer 4 of film 2. The refractive index n, of layer 4 1s
preferably greater than n,. To enable such two-stage bending
of ray 152. However, at least in some embodiments, the
difference 1n refractive indices or the dihedral angles of
facets 24 and/or 26 may be insuflicient to make a complete
turn of ray 154 towards a normal to the light output surface
10. Accordingly, as illustrated i FIG. 9, the prismatic
corrugations or microstructured pattern of surface 10 may be
configured to provide an additional bend angle and result 1n
ray 154 exating at a right angle with respect to the surface
plane.
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It 1s noted that this invention i1s not limited to aligning
corrugations 8 along a straight reference line and may be
applied to the case when such corrugations extend along any
other path which may incorporate straight segments, curvi-
linecar segments or any combination thereof. Accordingly,
film 2 may have any suitable dimensions and may also be
formed or cut to other than rectangular shapes.

FIG. 10 and FIG. 11 illustrate diflerent exemplary con-
figurations of film 2 and different shapes of reference line
800 which defines the path along which the linear corruga-
tions 8 may extend across the film surface. In FIG. 10,
depicted with the light emitting surface 10 facing towards
the viewer, reference line 800 1s a circle which 1s centered
with respect to the circular outhine of film 2. In FIG. 11,
reference line 800 1s curvilinear and extends generally
perpendicular to a longer dimension of the rectangular film
2. It 1s further noted that linear corrugations 8 may extend
continuously along the pre-selected reference line or they
may also arranged in series where corrugations 8 may be
alternating with spacing areas along such reference line.

The height and width of corrugations 8 as well as the
dihedral angles formed by facets 24 and 26 may be varied 1n
a broad range across the area of film 2. By way of example
and not limitation, when film 2 1s used for extracting and
redirecting light from an edge-lit planar waveguide or end-lit
optical fiber, the dihedral angles of facets 24 and/or 26 may
increase or decrease as a function of the distance from the
respective light source. Similarly, when the external light
emitting surface 10 1s provided with prismatic corrugations
for brightness enhancement or improved light turning capa-
bilities of film 2, the angles of the respective facets of the
prisms may also be varied as a function of the distance from
the light source.

Further details of operation of light directing film 2 shown
in the drawing figures as well as 1ts possible variations will
be apparent from the foregoing description of preferred
embodiments. Although the description above contains
many details, these should not be construed as limiting the
scope of the invention but as merely providing illustrations
of some of the presently preferred embodiments of this
invention. Therefore, 1t will be appreciated that the scope of
the present invention fully encompasses other embodiments
which may become obvious to those skilled in the art, and
that the scope of the present invention 1s accordingly to be
limited by nothing other than the appended claims, in which
reference to an element 1n the singular 1s not intended to
mean “‘one and only one” unless explicitly so stated, but
rather “one or more.” All structural, chemical, and functional
equivalents to the elements of the above-described preferred
embodiment that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. More-
over, 1t 1s not necessary for a device or method to address
cach and every problem sought to be solved by the present
invention, for it to be encompassed by the present claims.
Furthermore, no element, component, or method step 1n the
present disclosure 1s intended to be dedicated to the public
regardless of whether the element, component, or method
step 1s explicitly recited in the claims. No claim element
herein 1s to be construed under the provisions of 35 U.S.C.
112, sixth paragraph, unless the element 1s expressly recited
using the phrase “means for.”

What 1s claimed 1s:

1. A light directing structure, comprising:

a layered sheet-form optical structure comprising a broad-

area mirrored surface, a smooth outer surface, a first
layer of a solid optically transmissive material having
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a first refractive index, and a second layer of a solid
optically transmissive material having a second refrac-
tive 1index which 1s different than the first refractive
index, wherein the first layer 1s disposed 1n contact with
and optically coupled to the second layer; and
a corrugated optical interface formed between the first and
second layers and characterized by a stepped change 1n
a refractive index,

wherein the corrugated optical mterface comprises a first
plurality of facets alternating with a second plurality of
facets, wherein the first plurality of facets forms first
dihedral angles with respect to the smooth outer sur-
face, wherein the second plurality of facets forms
second dihedral angles with respect to the smooth outer
surface, and wherein the first dihedral angles are dif-
ferent from the second dihedral angles.

2. A light directing structure as recited 1n claim 1, wherein
the first and second dihedral angles are greater than 0° and
less than 90°.

3. A light directing structure as recited 1n claim 1, wherein
at least one of the plurality of facets 1s configured to redirect
light propagating transversely through the layered sheet-
form optical structure by means of refraction.

4. A light directing structure as recited 1n claim 1, wherein
at least one of the plurality of facets 1s configured to redirect
light propagating transversely through the layered sheet-
form optical structure using a total internal retlection.

5. A light directing structure as recited 1n claim 1, wherein
the corrugated optical interface represents a boundary
between said first and second layers.

6. A light directing structure as recited in claim 1, wherein
cach of the facets longitudinally extends along an arcuate
reference line.

7. A light directing structure as recited 1n claim 1, wherein
cach of the facets longitudinally extends along a curvilinear
reference line.

10

15

20

25

30

16

8. A light directing structure as recited in claim 1, wherein
cach of the facets longitudinally extends over an area of the
layered sheet-form optical structure along a circular path.

9. A light directing structure as recited in claim 1, wherein
the first dihedral angles increase with a distance from a
predetermined location of the layered sheet-form optical
structure.

10. A light directing structure as recited in claim 1,
wherein the first dihedral angles decrease with a distance
from a predetermined location of the layered sheet-form
optical structure.

11. A light directing structure as recited in claim 1,
comprising a third layer having a third refractive index that
1s different from the first and second refractive indices.

12. A light directing structure as recited in claim 11,
comprising a fourth layer having a fourth refractive index
that 1s different from the first and second refractive indices.

13. A light directing structure as recited in claim 1,
comprising a third layer adjacent to the second layer and
having a third refractive index that 1s the same or similar to
the first refractive imndex.

14. A light directing structure as recited in claim 1,
wherein the layered sheet-form optical structure 1s config-
ured to receive light on the smooth outer surface and output
the recerved light from an opposite surface.

15. A light directing structure as recited in claim 1,
wherein the layered sheet-form optical structure 1s config-
ured to recerve light on a surface opposing the smooth outer
surface and output the received light from the smooth outer
surface.

16. A light directing structure as recited in claim 1,

wherein the lower of the two reftractive indices of said first
and second layers 1s less than 1.49.
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